There has been considerable interest in the stereoselective ring opening of meso-cyclic anhydrides, since the resulting hemiesters are used as versatile intermediates in the construction of many bioactive compounds. 1 Especially, the chiral 3substituted glutaric acid monoesters 2 produced by the alcoholysis of meso-glutaric anhydrides 1 (Scheme 1) are used as key intermediates for the synthesis of a variety of industrially interesting pharmaceutical compounds, e.g., γaminobutyric acid (GABA) analogs, 2 selective serotonin receptor antagonists (e.g., Paroxetin·HCl) 3 and potent P2X7 receptor antagonists, 4 etc. Much effort has, therefore, been made to develop efficient enzymatic and non-enzymatic catalytic systems for the alcoholysis of the meso-glutaric anhydrides 1. 1 However, the results obtained with meso-glutaric anhydrides as substrates are still unsatisfactory for practical use, whereas alcoholysis with other types of meso-anhydrides, such as bi-, tricyclic and succinic anhydrides, usually gives excellent results. All of the approaches involving the use of meso-glutaric anhydrides as substrates suffer from either a narrow substrate scope and/or very long reaction time and unsatisfactory enantioselectivity. Even enzymatic processes gave very low enantioselectivities. 5 Recently, we and another research group employed bifunctional (thio) ureas as organic chiral catalysts for the alcoholytic desymmetrization of meso-glutaric anhydrides. 6,7 However, their enantioselectivity (~80% ee) are still unsatisfactory for the synthetic use. Moreover, with this type of catalysts, high ees can be obtained only under conditions of extremely high dilution. We identified the reason for this unusual concentration-dependence in terms of the self-association of the catalyst. 6 When considering the reaction time, volume yield, etc., this type of catalysts is highly undesirable for practical use. Thus, it would be highly desirable to develop a new class of highly enantioselective and self-association free organocatalysts for the alcoholytic desymmetrization of meso-glutaric anhydrides I.
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We have recently developed novel self-association free chiral bis-squaramide catalysts 3, in which the steric bulk of the two alkaloid moieties suppress their self-aggregation. 8 Now we report on their use as highly enantioselective catalysts for the alcoholytic desymmetrization of meso-glutaric anhydrides 1. Detailed experimental studies and diffusion ordered spectroscopy (DOSY) data revealed that this type of bifunctional organocatalysts do not self aggregate to any appreciable extent in solution.
To examine the catalytic activity and enantioselectivity of 3 we first conducted desymmetrization of 3-OTBDPS glutaric anhydride 1a in presence of the catalysts (10 mol %) and MeOH (10 equiv) in THF. The results are depicted in Table 1 , with the data obtained using the monomeric thiourea and † This paper is dedicated to Professor Eun Lee on the occasion of his honourable retirement. Scheme 1 Figure 1 . Cinchona-based organocatalysts tested in our study (QN = quinine; HQN = hydroquinine; CD = cinchonidine; HCD = hydrocinchonidine).
Notes squaramide catalyst, 4 and 5, respectively. As shown in Table  1 , regardless of the substituent at the C3 and C6' positions of alkaloids 3a-d, the methanolysis of 1a proceeded smoothly, affording the corresponding hemiester 2a in excellent yields and ee values (90-91% ee) ( Table 1 , entries 5-8). Moreover, enantioselectivities of dimeric squaramide catalysts 3 are slightly higher compared with those of other type of catalysts 4 and 5 ( Table 1 , entries 1-4).
More interestingly, as depicted in Figure 2 , the enantioselectivity of the squaramide-based (square symbols) dimeric catalyst Bis-HQN-SQA (3b) was not significantly dependent on the concentration. In contrast to these results, using other type of monomeric catalysts QN-TU (4a) and HQN-SQA (5a), the enantioselectivity decreases significantly on increasing the concentration. On the basis of these experimental results, it is clear that the self-association phenomenon is not as significant in the methanolysis of glutaric anhydrides with the bifunctional dimeric catalyst 3 as it is in the process catalyzed by 4 or 5.
Moreover, a DOSY study, which is regarded as an invaluable tool for studying self-association phenomena in solution, also showed the self-association free nature of dimeric catalysts. Whereas the diffusion coefficients (D [10 −10 m 2 s −1 ]) of the monomeric catalysts, QN-TU (4a) and HQN-SQA (5b), significantly decreased on increasing the concentration from 10 mM to 20 mM (for 4a: from 5.47 × 10 −10 m 2 s −1 to 4.52 × 10 −10 m 2 s −1 ; for 5b: from 4.33 × 10 −10 m 2 s −1 to 3.50 × 10 −10 m 2 s −1 ), those of the dimeric catalyst, Bis-HQN-SQA (3b), did not show any appreciable dependence on the concentration (from 5.12 × 10 −10 m 2 s −1 to 5.08 × 10 −10 m 2 s −1 , ∆D = −0.04 × 10 −10 m 2 s −1 ), in contrast to the monomeric catalyst. 8, 9 Having established that the dimeric squaramide catalysts 3 act as highly enantioselective and self-association free catalysts, we undertook to explore the scope of the substrate under the optimized reaction conditions. As shown in Table  2 , a variety of meso-glutaric anhydrides 1a-f, regardless of their substitution patterns at the 3-position of 1 (3-aryl and 3silyl protected hydroxyl groups), were smoothly converted into the corresponding hemiester products 2a-f with high enantioselectivity. Furthermore, due to their robust nature, the dimeric squaramide catalysts 3 could be easily recovered (> 95%) from the reaction mixture after extractive acid/base work up, allowing their repeated recycling without any loss of turnover time or enantioselectivity.
Conclusions
Highly enantioselective methanolytic desymmetrization of meso-glutaric anhydrides has been achieved using the dimeric squaramide catalysts 3 which could be easily recovered (> 96%) from the reaction mixture after extractive acid/base work up, allowing their repeated recycling without any loss of turnover time or enantioselectivity. Detailed experimental studies and diffusion ordered spectroscopy (DOSY) data HQN-SQA (5b) 3 9 4 8 7 5
Bis-QN-SQA (3a) 5 9 2 9 0 6
Bis-HQN-SQA (3b) 5 9 4 9 0 7
Bis-CD-SQA (3c) 5 9 3 9 1 8
Bis-HCD-SQA (3d) 5 9 4 9 0 a Reactions were carried out with 1a (0.5 mmol), 10 equiv. of MeOH and catalysts (10 mol%), in THF (10 mL) at rt. b Isolated yields after chromatographic purification. c Determined by chiral HPLC (see Supporting Information). Figure 2 . Effect of concentration on the enantioselectivity in the methanolytic desymmetrization of 1b.
Notes
Bull. Korean Chem. Soc. 2011, Vol. 32, No. 8 3129 revealed that these bifunctional organocatalysts that do not self aggregate to any appreciable extent in solution.
Experimental Section
General Procedure for Methanolytic Desymmetrization of meso-Glutaric Anhydrides: MeOH (5 mmol) was added to a stirred solution of the meso-anhydrides (0.5 mmol) and catalyst 3 (10 mol %) in THF (10 mL, 0.05 M) at the temperature indicated in Table 1 -2 and Figure 3 . The reaction was stirred until the starting material was consumed as indicated by TLC analysis. After completion of the reaction, aqueous solution of HCl (1 N) was added to the reaction mixture. The aquous phase was washed with CH 2 Cl 2 and then aqueous ammonia was added to pH 7~8. The precipitate formed was filtered and dried in vacuum (60 o C) to yield the catalyst 3 (recovery yield = > 95%) as white solid. The combined organic phase was washed with saturated NaHCO 3 solution, dried over anhydrous Na 2 SO 4 , and concentrated. Purification by column chromatography (EtOAc:Hexane = 1:4 -1:10) gave the hemiester product. The enantiomeric excess (ee) was determined by the HPLC analysis of a diastereomeric mixture of the corresponding amide ester prepared from the hemiester according to the literature procedure. 6, 10 
